ABSTRACT In this paper, a novel frequency selective surface (FSS) is proposed. It has two metal layers and the configurations of the unit cells of these two layers are different, so-called hybrid unit cells. The designed FSS has three transmission zeros and steep roll-offs at the edges of the passband. In our design process, the top layer is used to achieve two transmission zeros at the edges of passband and the bottom layer is used to achieve wideband performance and transmission zero at the right side of the passband. The effects of the geometrical parameters on the frequencies of transmission poles and zeros are analyzed. By establishing an equivalent circuit, the matching impedance network is obtained quickly by Microwave Office and the flatness and insertion loss of the passband are improved after introducing the matching impedance network. The prototype of the proposed FSS is manufactured and tested. The measured −1.5-dB passband is from 13.2 to 19 GHz, and its relative bandwidth can achieve 36%. The measured results verify the design. This FSS is a good candidate to strengthen the performances of Ku-band satellite and Ku-band active radar.
I. INTRODUCTION
FSSs are two-dimensional or three-dimensional structures, which achieve transmissions of electromagnetic waves in the passbands, absorptions in the absorptive bands and reflections in the stop bands [1] - [9] . With the rapid developments of wireless communication technology, multi-band, broad band and high out-of-band rejection technologies draw a lot of attractions. Some designs are developed to meet the requirements.
There have been a great number of studies in wideband FSSs.
1) The fractal structures transformed by the basic units have different sizes, and the resonance frequency points generated by them will also be different. The reasonable adjustments of the structures enable multiple or broad band working bands [10] , [11] . 2) Another effective way to achieve wideband FSS is combining multi-layers with different cell units. The FSS with five dielectric substrate layers and four metal layers are analyzed in [12] . A frequency selective surface consisting of a patch array, a lattice array and a medium layer has wideband performance [13] . A novel wideband, low-profile and second-order miniaturized band-pass frequency selective surface (FSS) consisting of metallic mesh and its complementary structures is discussed in [14] . A compact FSS with ultra-wideband bandpass function is presented in [15] . This FSS is a three layer structure composed of three metal layers separated by two dielectric substrates and its measured −3dB bandwidth is from 6.0 to 19.25 GHz. In [16] , a low-profile third-order wideband FSS with a thickness of λ/24 and light weight is studied, and it is composed of resonant and non-resonant elements. 3) Beside above two ways, there are some other ways to achieve wideband performance. A novel FSS with arrays of subwavelength capacitive patches and inductive wire grids not only provides wideband selectivity but also serves as linear-to-circular polarization converter [17] . A novel FSS with a two-dimensional periodic array of microstrip lines has wideband response which is achieved by applying higher-order modes of the array [18] . High out-of-band rejection is achieved by introducing transmission zeros at desired finite frequencies and many efforts have been made. bandpass FSS with multiple transmission zeros is achieved by connecting microstrip lines with ground through metallic vias [19] . Metallic vias can introduce additional resonators provided by the air mode, so the FSS can provide more transmission zeros in the operating band which lead to wide out-of-band rejection. Different operating modes of SIW cavities are also used to accomplish high selectivity FSSs [20] , [21] . 2) Multiresonant structures are capable of providing high selectivity performance. The FSS with two transmission zeros applies aperture-coupled resonators (ACRs) to realize a high-selectivity at 60 GHz [22] . 3) Cascading periodic structures with inductive, capacitive, or resonant type surfaces can also be used to accomplish the high-selective FSS. Combining complementary square loops and meandering slots is used to achieve three transmission poles and two transmission zeros in the frequency response of the FSS [23] , [24] . Cascading multi-layer periodic arrays of novel resonant unit cells can achieve high-selective characteristic and improve the out-ofband rejection [25] - [27] .
In this paper, we propose a high-selective hybrid dual-layer FSS. This FSS has two metal layers. One metal layer is used to realize wideband characteristic in our design, and the other metal layer is used to add two transmission zeros. The unit cells for these metal layers are different, which means it has hybrid unit cells. In our proposed FSS, the air layer is introduced to improve the flatness and insertion loss of the passband. Simulation results show that this proposed FSS has wideband frequency bands, low loss and steep roll-off at the edges of the passband. Commercial software HFSS and Microwave Office are used to simulate the model.
II. FSS DESIGN PROCESS AND THE MODULATION OF DIFFERENT LAYERS FOR OPTIMIZATION DESIGN A. THE DESIGN PROCEDURE
The second resonant frequency of the hexagon ring is three times of the fundamental resonant frequency, which has broader passbands compared with other shape rings [4] . The proposed bottom layer is a periodic structure whose unit cell is combined with a hexagon patch and hexagon rings, so-called patch-ring unit cell. In Fig. 2(a) , one metal layer with the patch-ring unit cell configuration is simulated. The transmission coefficient of the patch-ring unit cell has wideband performance and a steep roll off at the right side of its passband, but the left side of its passband does not performe well. The transmission and reflection coefficients of one single layer with Jerusalem metal ring configuration obtained by the full-wave simulation and the circuit approach are shown in Fig. 2(b) . According to Fig. 2(b) , the refelection coefficient of Jerusalem metal ring has two sharp stopbands but the bandwidth of the second stopband is smaller than the one of the first stopband. Jerusalem metal ring is applied to replace one layer of the patch-ring layer. The simulated transmission and reflection coefficients of the final hybrid configuration without an air layer are shown in Fig. 2(c) . Then, the air layer is introduced to further improve the performance of this structure. This method can not only reduces insertion loss and smooths the transmission coefficient efficiently, but also reduces the weight of the entire structure. Fig. 2(d) shows the simulated transmission coefficient of our design. The simulated −1.5dB passband of our design is from 13.1GHz to 19.5GHz, and its relative bandwidth can achieve 36%. There are two transmission zeros at frequencies of 10.1GHz and 21.25GHz. substrate is 1mm and the one of the bottom dielectric substrate is 0.7mm. F4BM-2 is used as the dielectric medium, with a relative permittivity of 2.2, and a loss tangent of 0.0007. The thickness of air layer sandwiched between two dielectric layers is 1.3mm.
B. THE ANALYSES OF THE TOP AND BOTTOM LAYERS
The equivalent circuit of the FSS has been thoroughly studied in [28] - [34] . Although the lumped elements are corresponded with physical structures, the value of lumped element is not completely specified by the single structure and the adjustment of single structure can change values of other lumped elements in the same layer. The sensitivities of the transmission zeros and poles to which parameters of the structure are analyzed by full-wave simulation in this section.
We firstly study the top layer. The function of the top layer is to introduce two transmission zeros, so we pay close attention to its transmission zeros in the process of analyzing. According to the theory of Munk [4] , even harmonics can be excited in the ring unit such as the Jerusalem metal ring while the length of unit cell equals to the half a wavelength. The first-order odd mode is excited while the wavelength of the electromagnetic wave equals to the length of the unit cell. So the frequency of the second transmission zero is about double of the one of the first transmission zero. The perimeter of the used Jerusalem ring is 14mm, and the frequency of the first transmission zero is 12.5GHz whose half-wavelength is 12mm. They are almost equivalent. When the geometrical parameters are varied, the frequencies of these two transmission zeros are changed in different tendencies. The relationships between geometrical parameters and the frequencies of two transmission zeros are shown in Fig. 3 .
Observe that for the increases of d 1 and d 2 , the frequencies of the first and second transmission zeros increase and the increment of the second transmission zero is about double of the increment of the first transmission zero. With the increase of w 3 , the gap between the first and second transmission zeros gets wider. While w 4 and w 5 increase, the first transmission zero does not change and the second transmission zero moves to higher frequency point. According to the effects of different values of geometrical parameters on the transmission coefficients, we can flexibly adjust the frequencies of these two transmission zeros.
The bottom layer is used to provide transmission pole and steep-roll in the right of the passband, so its first transmission pole and transmission zero are concerned. The transmission pole is generated by the resonance of the aperture between the external hexagonal grid and the internal hexagonal ring. While the perimeter of the internal hexagonal ring equals to the wave length, a transmission pole is generated. The relationships between geometrical parameters and the frequencies of transmission pole and zero are shown in Fig.4 . The frequency of the transmission zero increases with the increase of L 1 , while the frequency of transmission pole does not change and the bandwidth of transmission pole increases. For the increase of L 2 , the frequencies of transmission pole and zero increase. Increasing the side length of patch L 3 results in the decrease of the transmission zero and the transmission pole does not change. The increase of w 1 does not VOLUME 6, 2018 affect the transmission zero but results in the increase of the frequency of the transmission pole. Effects of different values of geometrical parameters on the transmission coefficient for the bottom layer shown in Fig.4 guide us in the design and optimization processes.
C. PROPOSED EQUIVALENT CIRCUIT MODEL AND THE PROCESS OF DETERMING THE IMPEDANCE MATCHING NETWORK OF THE BOTTOM AND TOP LAYERS
In above section, the sensitivities of three transmission zeros and one transmission pole to geometrical parameters are presented. In this section, a quick way to improve the flatness and insertion loss of passband is introduced. According to theory of transmission lines, the poor impedance matching of the top layer and bottom layer will cause poor performance. Unlike the traditional way of placing a dielectric layer directly, we add the air layer to the model to achieve proper impedance matching. Equivalent circuits are introduced to determine thicknesses of the air and dielectric layers.
We firstly study the equivalent circuit of the top and bottom layers without loading the dielectric layer.
In [28] , the equivalent circuit of a simple cross-metal ring model is shown in Fig. 5(a) . Noted that on the top layer, ring structures are added to the four ends of the cross-metal ring model to form a Jerusalem ring unit cell, which introduces the shunt capacitors C s 1 . This shunt capacitance C s 1 will make the unit size smaller and increase the bandwidth. The equivalent circuit of the top layer is shown in the Fig. 5(b) .
The impedance of the proposed equivalent circuit is
According to the theory of transmission lines, the transmission coefficient of the proposed FSS is calculated by
While Z FSS = ∞ and T (w) = 1, there exists a transmission pole. While Z FSS = 0 and T (w) = 0, there exists a transmission zero. Once the transmission poles, zeros and the equivalent circuit of the FSS are given, the element values of the equivalent circuit can be determined by the following formula Fig. 2(b) . They agree well with the results obtained by the full-wave simulation approach.
The equivalent circuit of the bottom layer is shown in Fig. 5(c) . The interior hexagonal patch is modeled as C p 2 and the external hexagonal grid is modeled as L p 2 .The series LC circuit (L s 2 and C s 2 ) represents the internal hexagonal ring. The impedance of the proposed equivalent circuit is
To get the lumped parameters of the equivalent circuit, Eq5 are introduced to describe the relationship between lumped elements. respectively represent the transmission poles of the bottom layer and w bot s represent the transmission zeros of the bottom layer. C s 2 is a capacitance to tune transmission coefficient of the equivalent circuit simulation. The values of other lumped elements are obtained by the Eq5 while the value of capacitance C s 2 is given. The value of C s 2 is tuned until the passband bandwidth obtained by the equivalent circuit is consistent with the one obtained by the full-wave simulation. We use Microwave Office to optimize the values of lumped components until the transmission curve of the equivalent circuit fits well with transmission curve obtained by full-wave simulation.
In the equivalent circuit, the air layer is considered as a transmission line whose length is the same as the thickness of the air layer and its impedance is Z 0 = 377 . The dielectric layer is equivalent to another transmission line whose length equals to the thickness of the dielectric layer and its impedance is Z t = Z 0 / √ r . The equivalent circuit of the entire structure is shown in Fig. 5(d) . The equivalent circuit parameters for the top and bottom layers are shown in Tab. 2.
We use Microwave office to simulate the equivalent circuit of the proposed FSS shown in Fig.2(d) , and the values of the length of transmission lines are tuned to achieve proper impedance matching. According to [4] , for unilateral substrate loading, when the substrate thickness increases from zero to a small value (typically 0.05λ ), a steep roll-off of the resonant frequency shows out. As the thickness of the dielectric layer is larger than 0.05λ , the resonant frequency of the FSS continues to decrease and approaches f 0 / √ ( r + 1)/2. The transfer curve obtained by the equivalent circuit needs to be divided by the coefficient √ ( r + 1)/2 to compensate the frequency deviation caused by introducing the dielectric layer. After compensating the frequency deviation, the frequency responses of the equivalent circuit for different lengths of the transmission lines obtained by Microwave Office are consistent well with the frequency responses of the FSS for different thicknesses of the air and dielectric layers obtained by HFSS as shown in Fig. 6 . The above results show that the thicknesses of the air and dielectric layers obtained by the equivalent circuit simulation are reliable. The coupling between the top and bottom layers is not concerned in the equivalent circuit and the simulation results shows that it does not affect the effectiveness of the method mentioned above. A lot of efforts and times are saved in the equivalent circuit simulation since the full-wave simulation is quite time-consuming and blind to optimize structure. By using HFSS to perform the full-wave simulation, the simulation of a single layer FSS structure without loading the dielectric VOLUME 6, 2018 layer will spend 2 to 3 minutes, and entire FSS structure simulation takes more than 15 minutes. For parametric sweeps, the full-wave simulation takes several or several tens of hours. By using Microwave office, we can directly determine the thicknesses of air and dielectric layers which achieve proper impedance matching of the top and bottom layers.
D. THE DESIGN PROCESS
The design of the desired FSS is performed through the following process.
1) Firstly, we make sure the desired frequencies of transmission poles and zeros, and we assign the transmission poles and zeros to the bottom layer and top layers. 2) Then, we determine the approximate geometrical parameters of the top and bottom layers and the relative dielectric constant of the used dielectric layer. For example, the desired transmission pole of the bottom layer is 10GHz and the relative dielectric constant of the dielectric layer is 2.2. After considering the frequency deviation caused by introducing the dielectric layer, the frequency of transmission pole is 12.6GHz, so the side length of the internal hexagonal ring of the designed bottom layer L 2 is about 6mm.
3) The structures of the top and bottom layers are tuned separately under the guide of Sec. II-B by full-wave simulation to make sure the desired frequencies of the transmission zeros and poles. 4) The air and dielectric layers are introduced to achieve impedance matching of the top and bottom layers. The thicknesses of the air and dielectric layers do not affect the frequencies of transmission zeros. So we can only consider which matching impedance network improves the flatness and insertion loss of the passband properly. We obtain the equivalent circuits for the top and bottom layers by the procedure of Sec. II-C and the matching impedance network is obtained quickly by Microwave office. After obtaining the lengths of the transmission lines in the previous step, the thicknesses of the air and dielectric layers are determined. 5) The optimal design is performed afterwards. The adjustment of relevant geometrical parameters can be achieved quickly in the optimization of the transmission zeros and poles by guides of Sec. II-B and Sec. II-C. If the transmission poles or zeros are tuned, we can redesign the matching impedance network by step 4.
III. EXPERIMENTAL VERIFICATION
Using photolithography technology, the FSS prototype with a dimension of 130 × 127.78mm 2 is fabricated. The top layer has 20 × 17 cells and the bottom layer has 34 × 39 cells. Both of them are etched on the F4BM-2 substrates as shown in Fig. 7 . The far-field measurement is used to test the transmission performance of this FSS, as shown in Fig. 8 . A pair of horn antennas are used as transmitting and receiving antennas respectively, and the FSS prototype is placed in the free space to measure the effects of the FSS. Fig. 9(a) shows the comparison between the equivalent circuit simulation, the full-wave simulation and the actual measurement results of our design, and we can see that both the results of the equivalent circuit and full-wave simulations are in good agreement with the result of physical measurements. The measured −1.5dB passband is from 13.2GHz to 19GHz, and its relative bandwidth can achieve 36%. The measured transmission curve has two transmission zeros and steep roll-offs at the edges of the passband. The measured results show that the proposed design method is feasible and effective.
As a spatial filter, FSS is not only valued by its transmission characteristics under its normal incidence, and its polarization and incident angle stabilities should be concerned as well. The simulated transmission coefficients of the designed FSS under different polarizations and incident angles are shown in Fig. 9(b) and Fig. 9(c) . The measured effects of different polarizations and incident angles on the FSS transmission curve are shown in Fig. 9(d) and Fig. 9(e) .
When the incident angle exceeds 45 degrees, a dip in the frequency of 16.3GHz occurs in the pass-band regardless of TE wave or TM wave. According to [28] , when oblique incident electromagnetic wave strikes the FSS, the equivalent circuit and the values of the lumped elements of the FSS will change, and new resonance point will generate. Then, we individually analyze the top and bottom layers to figure out the causes of dip point. The simulated transmission coefficients of the bottom and top layers under the incident angle of 60 o are shown in Fig. 10 . We can come to the conclusion that this dip is caused by the resonance of the top layer. The E-field, H-field and current distributions of the top and bottom layers in the frequency of the dip point is shown in Fig. 11 . According to Fig. 11 , the oblique incidence of electromagnetic wave generates new pattern in the top layer. According to Fig. 10 , the transmission coefficient of bottom layer is affected as well while incident wave is oblique, The current distribution of bottom layer in the frequency of dip point indicates that incident waves arouses in-phase current in the hexagon ring.
Rectangle coefficient is used to describe the steepness of the filter response curve near the cutoff frequency in filter design, and the value of rectangle coefficient is the ratio of −3dB bandwidth to −60dB bandwidth. The higher the value of rectangle coefficient, the FSS has better selective performance. In this article, we define the rectangle coefficient as the ratio of −3dB bandwidth to the bandwidth between two transmission zeros. A comparison between our FSS and other FSSs with two (or more) transmission zeros is shown in Tab 3. It can be found that the proposed FSS has stable wideband bandwidth, low loss and proper performance near the cutoff frequency compared with other FSSs.
IV. CONCLUSION
A two-layer structure of FSS with steep roll-offs at the edges of the passband is proposed and manufactured. The sensitivities of transmission zeros and poles of the FSS to which parameters of the structure are analyzed directly by full-wave simulation. We associate the physical structures of the model with the lumped elements to construct the equivalent circuits of the proposed FSS, and the equivalent circuit is used to determine the impedance matching network. The results of the equivalent circuit and full-wave simulations can agree well, and it is shown that the above way is reliable. The prototype is fabricated and measured. Because of its strong capability of clutter rejection, it is a good candidate to enhance detection function of Ku-band active radar. 
